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ABSTRACT 

 
The study of subcritical systems is very important in the design, installation and operation of various devices, 

mainly nuclear reactors and power plants. The information generated by these systems guide the decisions to be 

taken in the executive project, the economic viability and the safety measures to be employed in a nuclear 

facility. 

Simulating some experiments from the International Handbook of Evaluated Criticality Safety Benchmark 

Experiments, the code MCNP5 was validated to nuclear criticality analysis. Its continuous libraries were used. 

The average values and standard deviation (SD) were evaluated. The results obtained with the code are very 

similar to the values obtained by the benchmark experiments. 
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1. INTRODUCTION 

 

When an atomic nucleus is fissioned are released energy, fission fragments, neutrons and 

other radiations. The neutrons produced induce new fissions in other fissile or fissionable 

nuclei. The process is repeated several times, sustaining a chain reaction [1, 2]. The chain 

reaction can be described quantitatively through the multiplication factor (k); it is defined as 

the ratio of the number of fission neutrons in one generation by the number of fission 

neutrons of the generation immediately preceding. 

 

If k is greater than 1, the number of the neutrons and the energy released increase every 

generation, the system is then called supercritical. If k is equal to 1, the number of the fission 

neutrons is the same from one generation to the next generation, the energy is released at a 

steady level and the system is said to be critical. Finally, if k is lesser than 1, the number of 

the fission neutrons and the energy released decrease each generation and, in this case, the 

system is classified as subcritical [3]. 

 

Thus, the main task in the nuclear engineering is to create the knowledge needed to obtain the 

correct level of criticality and the appropriate safety parameters required for the operation of 

each device. In this study, the computational code MCNP5 was validated as a tool to analyze 

the criticality of some systems. The process of validation of the code consists in reproducing 

reference cases. The chosen benchmarks consist of several rectangular arrays of fuel rods 

containing UO2 pellets with enrichment of 2.60% and 4.31% weight. They can be found in 
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the International Handbook of Evaluated Criticality Safety Benchmark Experiments of the 

Nuclear Energy Agency (NEA) [4] under references LEU-COMP-THERM-006 and LEU-

COMP-THERM-010, respectively.  

  

 

2. EXPERIMENTS 

 

Following is a brief description of the experiments considered in this work. In total 48 cases 

were simulated; 18 cases for LCT006 and 30 cases for LCT010. In the simulations were used 

500 active cycles with 5000 neutrons per cycle. 

 

2.1. LEU-COMP-THERM-006 Model 

 

The model consists of an array of fuel rods arranged in a rectangular shape, ranging from 

16x16 to 21x21 rods. The fuel is enriched to 2.6% by weight of U
235

. The rods are of 

aluminum with an internal diameter of 1.265 cm and 0.076 cm thick. They are filled with 

UO2 pellets of 1.25 cm diameter. The spacing between network elements (pitch) ranges from 

1.849 cm to 2.293 cm according to each case. The arrangements are at room temperature and 

partially immersed in light water [4]. The light water serves as both moderator and reflector 

material. For model calculations were used sources/libraries endf6.3/sab2002, b-vi.8/actia 

and LANL/T16/t16_2003. Details of the configurations are shown in Figures 1 and 2. Table 1 

summarizes other important dimensions of the model. 

 

 

 
Figure 1: Vertical cross-sectional view of core tank (dimensions in mm). 



INAC 2013, Recife, PE, Brazil. 

 

Source: NEA-2010 [4]. 

Table 1: Summary of core configurations [4]. 

 

Case nº Pitch 

(cm) 

Number of rods 

in one side 

Dimension of one 

side (cm) 

Average of Critical 

Level of Water (cm) 

LCT006-C01  

1.849 

19 35.13 99.45 

LCT006-C02 20 36.98 73.73 

LCT006-C03 21 38.83 60.81 

LCT006-C04  

 

1.956 

17 33.25 114.59 

LCT006-C05 18 35.21 75.32 

LCT006-C06 19 37.16 60.38 

LCT006-C07 20 39.12 51.65 

LCT006-C08 21 41.08 46.0±1 

LCT006-C09  

 

2.150 

16 34.40 78.67 

LCT006-C10 17 36.55 59.96 

LCT006-C11 18 38.70 50.52 

LCT006-C12 19 40.85 44.55 

LCT006-C13 20 43.00 40.44 

LCT006-C14  

 

2.293 

15 34.40 90.75 

LCT006-C15 16 36.69 64.42 

LCT006-C16 17 38.98 52.87 

LCT006-C17 18 41.27 46.06 

LCT006-C18 19 43.57 41.54 

 

 

 

 

 

 

Figure 2: Axial and radial views of LCT006-C01 simulated by MCNP5. 
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2.2. LEU-COMP-THERM-010 Model 

 

The experiment consists of three rectangular arrays of fuel rods. The clusters are composed of 

sets of 13x8 or 12x16 rods according to each case. The fuel is enriched to 4.31% by weight of 

U
235

. The rods are of aluminum 6061 with an internal diameter of 1.283 cm and 0.066 cm 

thick. They have rubber plugs at both ends and are filled with UO2 pellets of 1.265 cm 

diameter. The pitch between rods is 1.892 cm or 2.250 cm according to each configuration. 

 

The three clusters of rods are supported on an acrylic plate and are flanked by two reflecting 

metal walls. The walls can be lead, steel or depleted uranium. The dimensions of each wall 

are contained in Table 2. The arrangements are at room temperature and fully immersed in 

light water [4]. There are 30.5 cm of water on the sides, 15.0 cm of water above and 15.3 cm 

of water below. In the experiment, the light water serves as both moderator and reflector 

material. For model calculations were used sources/libraries b-v.0 / endf5p, b-v.0 / endf5u, b-

v.0 / rmccs and endf5 / tmccs. Details of the configurations are shown in Figures 3 and 4. 

Table 3 lists the most important dimensions of the experiments. 

 

 

Table 2: Reflecting metal walls. 

 

 

Material 

Dimensions 

Length (cm) Height (cm) Width (cm) 

Lead 164.0 132.4 10.20 

Steel 147.3 121.9 17.85 

Uranium 152.3 121.9 7.65 

 

 

 
 

Figure 3: Cross-sectional view of the arrangement LCT010-C01 (dimensions in cm). 

Source: NEA-2010 [4]. 
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Figure 4: Longitudinal and frontal views of LCT010-C01 simulated by MCNP5. 
 

 

Table 3: Cluster size and separations for the LCT010 arrangements [4]. 

 

Case nº Pitch 

(cm) 

Number of 

rods (X x Y) 

Separation 

between 

clusters 

(cm) 

Distance between 

reflecting walls and 

clusters (cm) 

Reflecting 

Wall 

Material 

LCT010-C01  

 

 

 

 

 

2.540 

 

 

 

 

 

 

13 x 8 

19.495 0 lead 

LCT010-C02 19.655 0.660 lead 

LCT010-C03 17.915 1.321 lead 

LCT010-C04 9.175 5.405 lead 

LCT010-C05 14.255 0 uranium 

LCT010-C06 14.195 1.956 uranium 

LCT010-C07 16.925 3.912 uranium 

LCT010-C08 12.365 5.405 uranium 

LCT010-C09 11.765 0 steel 

LCT010-C10 13.125 0.660 steel 

LCT010-C11 12.995 1.321 steel 

LCT010-C12 11.315 2.616 steel 

LCT010-C13 8.675 5.405 steel 

LCT010-C14  

 

 

 

 

 

1.892 

 

 

 

 

 

 

12 x 16 

14.393 0 steel 

LCT010-C15 15.263 0.660 steel 

LCT010-C16 15.393 1.321 steel 

LCT010-C17 15.363 1.956 steel 

LCT010-C18 14.973 2.616 steel 

LCT010-C19 13.343 5.405 steel 

LCT010-C20 17.263 0 lead 

LCT010-C21 17.703 0.660 lead 

LCT010-C22 16.953 1.956 lead 

LCT010-C23 13.873 5.001 lead 

LCT010-C24 14.853 0 uranium 

LCT010-C25 16.233 0.660 uranium 
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Case nº Pitch 

(cm) 

Number of 

rods (X x Y) 

Separation 

between 

clusters 

(cm) 

Distance between 

reflecting walls and 

clusters (cm) 

Reflecting 

Wall 

Material 

LCT010-C26  

 

1.892 

 

 

12 x 16 

17.793 1.321 uranium 

LCT010-C27 18.763 1.956 uranium 

LCT010-C28 18.893 2.616 uranium 

LCT010-C29 18.303 3.276 uranium 

LCT010-C30 15.923 5.405 uranium 

 

 

2.3. Results 

 

Considering systems that are not infinite, where interferences occur on the criticality of the 

devices (e.g. interference due to leakage of neutrons), it is usual to refer to the effective 

multiplication factor (keff) [3]. In this parameter are properly weighted all the variables that 

actually contribute to the criticality of a system: nature of the materials, device geometry, 

energy and probability of leakage of neutrons. This work compares the values of keff obtained 

by modeling and calculations in the code MCNP5 with referenced values of each benchmark 

studied.  

 

The method of transport Monte Carlo provides approximate solutions to many mathematical 

and physical problems using simulations of random statistical sampling by means of 

computers. In the calculation process, each one of the neutrons has all its "life" accompanied 

until its "death" in some kind of interaction, either absorption or scattering with the matter. 

So, tables are created and the events that occur with the neutrons are recorded in them. Since 

a single particle does not represent the entire system, a large number of stories must be 

properly registered to characterize what occurs in the system. The obtained results are 

estimates of the average values of the calculated variables; in this case the values of keff, 

combined with theirs associated uncertainties [5]. To perform the calculation of the mean 

value of keff for the fission events, the code MCNP5 uses the following expression [6]: 

 

       
 

 
     

 

   

    
   

                
    

 

 

N is the nominal source size for cycle; 

i is summed over all absorption in which fission is possible; 
k is the isotope of fissile material involved in the i

th
  event of absorption; 

   is the weight of the particle; 

    is the average number of prompt or total neutrons produced per fission in the k isotope of 

fissile material by neutron at the incident energy; 

    is the microscopic fission cross section of the k isotope of fissile material to neutrons at 

the incident energy; 

    is the microscopic absorption cross section of the k isotope of fissile material to neutrons 

at the incident energy.  
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The Tables 4 and 5 present the results obtained for keff in modeling of experiments LEU-

COMP-THERM-006 and LEU-COMP-THERM-010, respectively. According to these 

studies, 77% of the simulations are in accordance with the reference values. This indicates 

that the models made by the MCNP5 code can be accepted as valid. 

 

 

Table 4: Calculated results for keff in the experiment LEU-COMP-THERM-006. 

 

Case nº keff ± σkeff keff of reference 

LCT006-C01 0.99816 ± 0.00048 1.000 ± 0.002 

LCT006-C02 0.99878 ± 0.00047 1.000 ± 0.002 

LCT006-C03 0.99899 ± 0.00048 1.000 ± 0.002 

LCT006-C04 0.99934 ± 0.00045 1.000 ± 0.002 

LCT006-C05 0.99980 ± 0.00044 1.000 ± 0.002 

LCT006-C06 0.99979 ± 0.00046 1.000 ± 0.002 

LCT006-C07 0.99938 ± 0.00043 1.000 ± 0.002 

LCT006-C08 0.99886 ± 0.00047 1.000 ± 0.002 

LCT006-C09 0.99865 ± 0.00046 1.000 ± 0.002 

LCT006-C10 0.99980 ± 0.00042 1.000 ± 0.002 

LCT006-C11 0.99957 ± 0.00045 1.000 ± 0.002 

LCT006-C12 1.00019 ± 0.00046 1.000 ± 0.002 

LCT006-C13 0.99988 ± 0.00045 1.000 ± 0.002 

LCT006-C14 0.99967 ± 0.00045 1.000 ± 0.002 

LCT006-C15 0.99926 ± 0.00042 1.000 ± 0.002 

LCT006-C16 0.99944 ± 0.00043 1.000 ± 0.002 

LCT006-C17 1.00050 ± 0.00072 1.000 ± 0.002 

LCT006-C18 0.99834 ± 0.00072 1.000 ± 0.002 

 

 

Table 5: Calculated results for keff in the experiment LEU-COMP-THERM-010. 

 

Case nº keff ± σkeff keff of reference 

LCT010-C01 1.00808 ± 0.00049 1.0000 ± 0.0021 

LCT010-C02 1.00774 ± 0.00047 1.0000 ± 0.0021 

LCT010-C03 1.00603 ± 0.00047 1.0000 ± 0.0021 

LCT010-C04 0.99541 ± 0.00046 1.0000 ± 0.0021 

LCT010-C05 0.99807 ± 0.00043 1.0000 ± 0.0021 

LCT010-C06 1.01185 ± 0.00044 1.0000 ± 0.0021 

LCT010-C07 0.99961 ± 0.00044 1.0000 ± 0.0021 

LCT010-C08 0.99560 ± 0.00044 1.0000 ± 0.0021 

LCT010-C09 1.00040 ± 0.00047 1.0000 ± 0.0021 

LCT010-C10 1.00031 ± 0.00048 1.0000 ± 0.0021 

LCT010-C11 1.00050 ± 0.00045 1.0000 ± 0.0021 

LCT010-C12 0.99848 ± 0.00044 1.0000 ± 0.0021 
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LCT010-C13 0.99496 ± 0.00046 1.0000 ± 0.0021 

LCT010-C14 0.99648 ± 0.00050 1.0000 ± 0.0028 

LCT010-C15 1.00002 ± 0.00048 1.0000 ± 0.0028 

LCT010-C16 0.99897 ± 0.00051 1.0000 ± 0.0028 

LCT010-C17 0.99797 ± 0.00049 1.0000 ± 0.0028 

LCT010-C18 0.99829 ± 0.00050 1.0000 ± 0.0028 

LCT010-C19 0.99745 ± 0.00051 1.0000 ± 0.0028 

LCT010-C20 1.00106 ± 0.00048 1.0000 ± 0.0028 

LCT010-C21 1.00173 ± 0.00048 1.0000 ± 0.0028 

LCT010-C22 1.00067 ± 0.00049 1.0000 ± 0.0028 

LCT010-C23 0.99774 ± 0.00048 1.0000 ± 0.0028 

LCT010-C24 0.99584 ± 0.00047 1.0000 ± 0.0028 

LCT010-C25 0.99571 ± 0.00044 1.0000 ± 0.0028 

LCT010-C26 0.99784 ± 0.00049 1.0000 ± 0.0028 

LCT010-C27 0.99717 ± 0.00045 1.0000 ± 0.0028 

LCT010-C28 0.99840 ± 0.00048 1.0000 ± 0.0028 

LCT010-C29 0.99743 ± 0.00048 1.0000 ± 0.0028 

LCT010-C30 0.99518 ± 0.00048 1.0000 ± 0.0028 

 

 

In Brazil, the CNEN (Comissão Nacional de Energia Nuclear) establishes the condition for 

storage of fuel material, irradiated and non-irradiated, under normal operating condition or in 

cases of accidents. 

  

According to the norm CNEN-NE-5.02, section 6.2.2, the value of keff for non-irradiated fuel 

material must be less than 0.95 under normal operating condition and less than 0.98 in case of 

an accident. Furthermore, in the section 6.3.3, the norm requires that the value of keff must be 

less than 0.95 in both cases, operation at normal condition or in case of an accident, when 

dealing with irradiated fuel material [7]. 

 

To check the relevance of the simulations with respect to the norm, it was determined the 

upper subcritical limit (USL) for every situation. This limit is obtained from the following 

expression: 

 

USL = 
norm

keff -  - 2.avg  

 
norm

keff is the value required for the norm; 

 is the deviation from the expected value;  

avg is the average of the standard deviation of keff calculated for MCNP5. 

 

The value of   is calculated as follows: 

 

 = 1 -  
avg

keff        
 

avg
keff is the average of values of keff calculated for MCNP5. 
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From calculations performed for MCNP5: 

 
avg

keff = 0.9994 ± 0.0005 

 

 = 0.0006 

 
USL= 0.9485

(1)
 or 0.9790

(2) 

 

The calculated values for USL are compared with the limits required for the norm CNEN-

NE-5.02 in the Table 6. 

 

 

Table 6: The values of the Upper Subcritical Limit (USL). 

 

Condition of Fuel 

Material 

Operating Condition keff (CNEN-NE-5.02) USL 

 

Non-irradiated 

Normal
(1)

 0.95 0.9485 

Accident
(2)

 0.98 0.9790 

 

Irradiated 

Normal
(1)

 0.95 0.9485 

Accident
(1)

 0.95 0.9485 

 

 

To ensure the condition of subcriticality of any experimental arrangement simulated for the 

code MCNP5 using the continuous energy libraries employed in this research, it is necessary 

that the value of keff be lower than the calculated value of USL shown in the Table 6. For 

storage of non-irradiated fuel material the calculated value of keff must be less than 0.9485 

under normal operating condition and less than 0.9790 in case of an accident. For irradiated 

fuel material the value of keff must be less than 0.9485 in both cases, operation at normal 

condition or in case of an accident. 

 

 

 

3. CONCLUSIONS 
 

Considering the values calculated by this research and comparing them with the correct 

reference values, it can be stated that the code MCNP5 and its continuous energy libraries are 

appropriate tools to perform the analysis of the condition of criticality of experimental 

systems. Thus, modeling done through the code MCNP5 can be useful in designing of safety 

projects of devices and nuclear facilities. Obviously, further research can corroborate and 

enrich the results found in this study. 
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